In addition to the esthetic problem caused by invertebrates, researchers are recently starting to be more aware of their potential importance in terms of public health. However, the inactivation methods of invertebrates which could proliferate in drinking water treatment systems are not well developed. The objective of this study is to assess the acute toxicity and inactivation effects of CO 2 on familiar invertebrates in water treatment processes. The results of this study revealed that CO 2 has a definite toxicity to familiar invertebrates. The values of 24-h LC 50 (median lethal concentration)
INTRODUCTION
Since 1915, when Malloch first discovered chironomid larvae in the water supply systems of the US city of Boone, Iowa, the occurrence of invertebrates in drinking water systems has been found throughout the world for nearly the past 100 years. Although multistage water treatment processes can remove the majority of these invertebrates along with other organisms, some of them can still survive in some water treatment units, mostly in GAC filters (Schreiber et al. ; Castaldelli et al. ; Li et al. ) and distribution systems (van Lieverloo et al. ) .
Because the large invertebrates may be visible to the consumer and may be objectionable if they appear at the tap and for some reasons of public health, it is important to prevent the entry and proliferation of invertebrates in water distribution networks (WHO ). Some recent studies make us more aware of the potential importance of invertebrates in terms of public health. One study by Bichai et al. () suggested that Escherichia coli bacteria and Bacillus subtilis spores located inside the gut of nematodes were shown to benefit from a significant protection against UV. Furthermore study suggests that predation by zooplankton can play a role in the remobilization of persistent pathogens such as Cryptosporidium and Giardia (oo) cysts retained in GAC filter beds, and consequently in the transmission of these pathogens in drinking water (Bichai et al. ) . Hijnen et al. () pointed out that attachment of bacteria, bacterial spores and protozoan (oo)cysts appeared to be the dominant removal mechanism in the GAC filters, which made pathogens available for ingesting and transferring by invertebrates. All of these studies highlight the significance of invertebrates as the 'protective umbrella' of pathogenic microorganisms. In addition, as assimilable organic carbon for bacterial growth and disinfectant consumption, invertebrates should be controlled and efflux prevented from GAC filters.
Since invertebrates in drinking water systems were brought to our attention (scientists or industry), some measures have been proposed and used to control or inactivate them, among which are the following (1) control of invertebrates in drinking water sources: the bio-manipulation technology which referred here to stock silver carp or bighead carp into the water body of excess propagation of zooplankton was considered as an effective method of controlling the cyclops in raw water (Fuyi et al. ) , however their recurrence in water treatment systems seemed inevitable. (2) Physical removal methods: Schreiber et al. () pointed out that the optimization of backwashing programs could reduce invertebrates in the filtrate of activated carbon filters, or the filter media size should be reduced to less than 0.15 mm. However, based on experience, when the number of breeding invertebrates reaches a high level, these methods would produce unsatisfactory results. Micro-strainers are used usually as a pre-treatment to reduce solids loading before slow sand filters or chemical coagulation. When applied for the removal of zooplankton, micro-strainers are located either at the beginning or end of the treatment process. A coarser mesh at the 200 μm aperture is sometimes used after GAC filters to remove eroding particles of the carbon and any bacterial flora or zooplanktons that sometimes develop in GAC filters (Ratnayaka et al. ) . The coarser mesh is not good enough to removal the smaller rotifers and nemeous organisms such as nematodes, while a fine mesh more easily clogs and needs to be cleaned frequently. If the microstrainer is used, extra space and sets of automatic equipment are required which may be inconvenient and increase the cost. (3) Inactivating invertebrates by reagents: some water companies continuously added chlorine into water intakes and pipelines to prevent the breeding of invertebrates (Evins & Greaves ; Ketelaars & Wagenvoort ) . However, it is well known that low concentrations of chlorine are useless in inactivating Cyclops for short contact times. Not only is excessive dosing a waste of resources and funds, but it also generates a large number of harmful by-products, such as trihalomethanes (THMs). Natural pyrethroid and its synthetic analogues, permethrins, have been successfully applied to control the Hilgendorfi and Gammarus (Abram et al. ; Mitcham & Shelley ) . However, the application of pesticides around, over, or in the immediate vicinity of drinking-water systems is not recommended, and in countries where the use of these chemicals is permitted, a decision to use them should take into account the seriousness of the infestation to be controlled and the available capacity to plan, control and monitor the operation (Queen's Printer for Ontario ; WHO ).
As mentioned above, it is preferable to find an efficient inactivation reagent without toxicity or toxic by-products to solve the problems caused by invertebrates excessively breeding in drinking water treatment systems, because biomanipulation technology and physical removal technologies are not good or economical enough to prevent the efflux of invertebrates, and the use of insecticides known is restricted considering their poor effect or high risk. In recent years, the impact of CO 2 on marine ecology has become an important research topic for determining whether ocean CO 2 injection is an acceptable strategy to reduce anthropogenic CO 2 . Kurihara et al. () indicated that the marine copepod community will be negatively affected by the disposal of CO 2 and high CO 2 concentrations influenced the rate of the egg production and early development of two marine copepods. Further research revealed that CO 2 -driven ocean acidification has a negative impact on the fertilization, cleavage, larva, settlement and reproductive stages of crustacean species (Kurihara & Ishimatsu ) . These studies suggested that maybe CO 2 can be used to inactivate or control the invertebrates in drinking water treatment systems in view of its smaller health threat to humans and simple availability. Consequently, the objective of the present study is to determine the toxicity of CO 2 to freshwater invertebrates and to find a suitable concentration of CO 2 to inactivate invertebrates in a short time. Pilot studies of the application of these methods in the GAC filter columns have been conducted, and the results are discussed.
MATERIALS AND METHODS

Studied invertebrates and preparation of the CO 2 solutions
In this study, as shown in Table 1 , five classes and six species of invertebrates were originally isolated from BAC (biologically activated carbon) filters of one waterworks which is located in Shenzhen City, South China and supplied by the Dongjiang River water after storage in the Shenzhen Reservoir. A pilot-scale BAC column (30 cm in diameter; 1.5-m deep, and contact time of 12 min; no backwashing) was set up in the waterworks as a secondary source of invertebrates. From June to October, as an overwhelmingly major dominant species, the peak abundance of rotifers reach 10 3 ind./m 3 , and another three species of crustaceans and nematodes were the secondary dominant species whose peak abundance can reach 10 2 ind./m 3 in the filtrate. Oligochaetes were isolated from backwashing water because of their low abundance in the filtrate. The carbon dioxide solutions, which were used in all the following experiments, were prepared by the acid-base neutralization of sodium bicarbonate solutions by dilute hydrochloric acid solutions. The specific procedures included: (1) equal molar concentrations and equal volumes of sodium bicarbonate solutions and dilute hydrochloric acid solutions were prepared; (2) the dilute hydrochloric acid solution was added into the sodium bicarbonate solution evenly and slowly, while mixing uniformly and measuring the pH values in real-time; (3) when the pH value was stable, near approximately 5, dosing with the dilute hydrochloric acid solution was stopped and the CO 2 solution was obtained. Then a sodium hydroxide standard solution titration was used to determine the exact concentration of carbon dioxide in the solution.
Acute toxicity experiments
In these experiments, 6 species of invertebrates were incubated for 48 h to acclimate them to laboratory conditions. Approximately 500 mg/L of the CO 2 solutions could be produced by the reaction of both 0.04 mol/L of sodium bicarbonate solutions and dilute hydrochloric acid solutions, which had been diluted to a series of lower concentrations of the CO 2 solutions. Then, the 24-h static acute toxicity tests were conducted using triplicate 250-mL glass flasks containing 100 mL of the CO 2 solution with the above 6 flask/treatment levels. The number and the range of treatment levels used were both based on the pilot trials conducted for each species. When the flasks were checked, qualitative observations were made, including behavioural or physical abnormalities. Death was defined as the lack of gastrointestinal peristalsis observed through a microscope. A probit method was used to calculate the median lethal concentrations and their 95% confidence limit. These tested invertebrates were photographed, and the length of the invertebrates' body and two other dimensions were measured under a microscope using an ocular micrometer. The specific size values are shown in Inactivation experiments at high concentrations of CO 2
In these experiments, for four classes of invertebrate, 20 adult, active individuals of similar size, which were also isolated from the same sources with the acute toxicity experiments were collected in culture dishes (9 cm in diameter). The volume of CO 2 solution used was 40 ml. Each species of invertebrate was exposed to over five concentrations of CO 2 solutions, which were selected based upon experience to span the presumed range from a low to a saturated solution. The treatment levels (range and number of levels) were as follows: rotifers, Monostyla hamata (10-40 mg/L, n ¼ 5); nematodes (20-370 mg/L, n ¼ 5); copepods, Mesocyclops thermocyclopoides (534-1,395 mg/L, n ¼ 7); and oligochaetes, Nais bretscheri Michaelsens (534-1,030 mg/L, n ¼ 6). Three parallel tests were carried out for each CO 2 concentration. At the beginning, the invertebrates in the culture dishes were checked at regular intervals from several seconds to 15 min. When the culture dishes were checked, qualitative observations were made of the behavioural and physical abnormalities.
Inactivation experiments in filter media
Three dosing modes of the CO 2 solution were conducted by the device, as shown in Figure 1 . Two filter columns were used for this set of experiments: one filled with GAC and the other filled with quartz sand. Both filter columns were 3 cm in diameter and 50 cm in height. A height of 10 cm of GAC and sand were first packed into the filter columns, and then, 20 adult, active Mesocyclops thermocyclopoides were added into the filter columns. Next, the filters were further packed gently to a height of 20 cm, which submerged the individuals in both media. Three parallel experiments for each medium and each mode were set up. A control column without CO 2 dosing was set up and packed in the same way as the experimental columns mentioned above. The three dosing modes of the CO 2 are described, respectively.
(1) Dosing mode (a): in this mode, 160 ml of 1,000 mg/L CO 2 solution was injected directly into the filter columns at a flow rate of 25 m/h by an electronic metering pump (LMI MILTON TOY, ACTON, MA 01720, USA). The columns were vibrated by manual control to mix the media and solution. (2) Dosing mode (b): in this mode, first, 80 ml of 0.08 mol/L of the sodium bicarbonate solution was injected into the filter columns, rapidly vibrated, and then followed by injecting an equivalent concentration and volume of the dilute hydrochloric acid solution. Both kinds of solutions and media were mixed well by inverting the filter columns three times quickly. By means of this method, an equivalent of 1,000 mg/L of the CO 2 solution was produced. (3) Dosing mode (c): in this mode, first, 80 ml of 0.08 mol/L of the sodium bicarbonate solution was injected into the filter columns, which were rapidly vibrated. After 5 min of operation, an equivalent concentration and volume of dilute hydrochloric acid solution was injected into the filter columns, followed by rapid mixing in the same way as mode (b). By this method, an equivalent of 1,000 mg/L of CO 2 solution was produced.
For the above three modes, the tested invertebrates in all the filter columns were exposed for 10 min to the CO 2 solution. Afterwards, the invertebrates were isolated from the filter media by a mesh of 0.35 mm; then, the activity of the invertebrates and the inactivation ratios were determined.
The toxicity of CO 2 to the bacteria in the filter
In these experiments, 200 g (wet weight) mixed sample was collected throughout three depths of the BAC filter bed (40, 80 and 120 cm) with a core sampler. Then the GAC sample was washed 5 times by vigorous shaking with sterile chlorine-free tap water. All of the washing water was collected and filtered through a 30 μm mesh. Then sedimentation was applied to the filtrate for 12 h. After these separating procedures, sterile chlorine-free tap water was added to yield a final volume of 2,000 mL, which was used as bacterial suspension. Fifteen litres of water sample was collected from the waterworks after the main ozone oxidation process, which was used as culture medium after sterilization. Then 0.08, 0.04 and 0.02 mol/L of sodium bicarbonate solution and dilute hydrochloric acid solution were prepared by the bacterial suspension and culture medium respectively. And the volume of all the solutions was 500 ml. About 1,000, 500, and 200 mg/L of CO 2 solution were produced by reaction of the prepared sodium bicarbonate solution and dilute hydrochloric acid solution. At the end of the reaction, when the pH values were stable, 200 ml samples were taken after 1, 3, 5 and 10 min of exposure respectively. The pH values of the taken samples were adjusted to about 7.2 quickly, and then they were transferred into 1 L polycarbonate bottles. The sterilized culture medium was added to yield a final volume of 1,000 ml. After these procedures, 24 h incubations were conducted at 28 W C. Control experiments were conducted without dosing CO 2 . Initial and final samples were collected from the control and experimental bottles and prepared for bacterial enumeration (Standard plate count agar, OXID) and TOC analysis (multi N/C 3100 analyzer, Analytikjena).
RESULTS AND DISCUSSION
Acute toxicity experiment
No mortality occurred in the control flasks in any test.
The 24-h LC 50 values differed among the species. Both the minimum and maximum LC 50 values found were for the tested invertebrates. The rotifers had the lowest value (10.6 mg/L) and the oligochaetes had the largest value (124.3 mg/L). Furthermore, the median lethal concentration was found to be related to the body size of the Although no literature directly indicated the toxicity of CO 2 to fresh invertebrates was related with their sizes, Kita () summarized that tolerance of marine organisms to high CO 2 concentrations significantly differs among species and among their developmental stages. Susceptibilities of marine organisms to high CO 2 are highly relevant to their compensation mechanism. Kurihara () indicated that the copepods appear more tolerant to increased CO 2 than other marine organisms previously investigated for CO 2 tolerance (i.e. sea urchins and bivalves).
The behavioural effects were similar in all the tested species. The crustacean invertebrates swam less vigorously, displayed instability, and eventually were paralysed at higher concentrations. The signs of abnormal behaviour increased with exposure concentration and time. However, the physical effects presented a different situation. Specifically, when Nitocra pietschmanmi were dead, their bodies folded out actively with the joints as vertices; the head and tail moved closer, and the angles decreased from near 180 W to 70-120 W . A similar phenomenon did not appear in Mesocyclops thermocyclopoides. As worms, when nematodes and Nais bretscheri Michaelsens were dead, their bodies curled.
Inactivation effect at high concentrations of dioxide carbon
In Figure 3 , the percentage scatter data of the time-related mortalities were averaged and indicated by error bars. For the tested four invertebrates, 100% inactivation was achieved in less than 5 s when the CO 2 concentration in solution was above 1,000 mg/L, and the majority of the small animals died immediately when exposed to the solution.
The inactivation ratios of all four invertebrates had shown a gradient descent with the decrease in concentration. In 15 min, when the concentration of the CO 2 solution declined to 534 mg/L for Nais bretscheri Michaelsen and Mesocyclops thermocyclopoides, 20 mg/L for nematodes, and 10 mg/L for Monostyla hamatas, all the ratios of inactivation were less than 30%. From this result, we can infer that the aforementioned concentration values for all four species of invertebrates were close to the limit values, only above which could they receive an efficient inactivation effect.
Inactivation effect in filter media
No mortality occurred in the control column without CO 2 dosing. For the three dosing modes described in 'Inactivation experiments in filter media', the results of the experiments are shown in Figure 4 (a) and (b). In Figure 4 (a), when a CO 2 solution was used directly to inactivate the Mesocyclops thermocyclopoides in the GAC columns, inactivation ratios of only slightly over 20% were achieved, which were much lower than the nearly 90% inactivation ratio in water for the control tests without filter media. However, an 80% inactivation ratio had been obtained by dosing mode (b). It reached very similar inactivation ratios with the control tests by dosing mode (c). In Figure 4 (b), there were insignificant differences among the three dosing modes (a), (b), (c) and the control tests in regard to the inactivation effect. Both dosing modes (b) and (c) showed a slight advantage. In the process of experiments of inactivation of invertebrates in GAC filters, the CO 2 solution was dosed into the GAC filter columns in the form of backwashing. Guo et al. () have indicated that raw activated carbon has a high capacity to remove carbon dioxide from gas/air streams. With the dosing mode (a), concentration of the CO 2 solution along the flow path rapidly declined to a low level because of the GAC's strong adsorption capacity for CO 2 . While using both mode (b) and (c), the Mesocyclops thermocyclopoides in the gap were immersed in the sodium bicarbonate solution, which was first injected into the GAC filter. Then, the dilute hydrochloric acid solution was injected and reacted with the former reagent. As a result, on the surface of the Mesocyclops thermocyclopoides, local high concentrations of the CO 2 solution were formed. After a short exposure time, the Mesocyclops thermocyclopoides were inactivated. Compared with GAC, the sand showed much less impact on the inactivation effect of CO 2 on invertebrates, so direct injection of CO 2 solution was recommended because of convenience and economic considerations.
Impact on the ecology and performance of biologically activated carbon filters Although there is little knowledge about the function of invertebrates in the biologically activated carbon (BAC) filters, as a similar study in a sand filter showed, the presence of invertebrates grazing on biofilm could help prevent clogging and improve the microbial activity by modifying the chemical environment of the interstitial habitat (Mauclaire et al. ) . Thus, the purpose is to prevent the excessive breeding of invertebrates, which may pass through filters, rather than to kill all of the invertebrates in the filters.
As is well known, many GAC filters are used as biological filters to remove assimilable organic carbon (AOC). The removal efficiency of BAC biofilms of organic matter and contaminants from source water is lowered whenever the influent undergoes disinfection with chlorine, chloramines, chlorine dioxide or ozone (Dussert & Van Stone ) . As shown in Figure 5 (a), in the initial, concentration of bacteria in control samples was 9.6 × 10 3 CFU/ml, which was higher than the concentrations of bacteria in the experimental bottles. The concentration of bacteria decreased gradually with the increase of the concentration of CO 2 and exposure time. The largest decline value was 5.93 × 10 3 CFU/ml, which appeared in 1,000 mg/L at 10 min. After 24-h culturing, there was little difference between the concentration of bacteria in the experimental samples and control samples. As shown in Figure 5 (b), the removal of dissolved organic carbon in control tests was 1.4 mg/L with an initial concentration of 2.6 mg/L. The removal effect of DOC was affected by dosing CO 2 . With the increase of exposure time and CO 2 concentration, the removal of DOC decreased. Compared with the control tests the removal rate had decreased 17% when the concentration of CO 2 was 1,000 mg/L with 10 min exposure, however less effect was indicated when the concentration of CO 2 was 200 and 500 mg/L. In view of the negative effect of dosing CO 2 into biologically activated carbon filters, it is suggested that lower concentrations of the CO 2 solution and shorter exposure times should be adopted for inactivating rotifers, nematodes or cladocerans, which are easily killed. When copepods or oligochaetes have bred to a high abundance, a higher concentration of CO 2 solution but shorter exposure time is recommended for sufficient invertebrate inactivation to occur with relatively little impact on DOC removal. When the inactivation process ends, a sufficient backwashing should be conducted to clear away the bodies of the invertebrates because they would become a breeding ground for bacteria, some of which may be pathogenic or opportunistic pathogens of humans. The monitoring data indicated that the number of dead invertebrates was significantly more than the number of live individuals in the backwashing water of the BAC filters. So it can be indirectly inferred that the backwashing efficiency of the invertebrates out from the filters could be improved by CO 2 -dosage, because the swimming and clinging ability of the invertebrates was gradually lost after exposure to CO 2 solution. After the inactivation process, it was considered best to introduce alkaline backwashing water into the BAC filters to adjust the pH to 7 or slightly higher, which would be helpful for the ecological restoration of the biologically activated carbon filters, because a low pH supports the rapid growth of filamentous organisms and is responsible for a rapid decrease in nitrate uptake, which has a maximum uptake rate at pH 6.0 (Scholz & Martin ).
CONCLUSIONS
The results indicated that CO 2 showed significantly acute toxicity on familiar invertebrates in drinking water treatment systems, and the CO 2 toxicity to invertebrates increased with the CO 2 concentration in solution. In contrast, CO 2 toxicity may decrease with the increase in body size of the invertebrate. A high concentration of CO 2 could inactivate all the tested invertebrates with a high inactivation rate in a short exposure time. Both the pH and DO values had negligible effects on the inactivation of invertebrates in the experimental intervals. Quartz sand has nearly no effect on the CO 2 inactivation for invertebrates, while granular-activated carbon has a strong adsorption capacity for CO 2 . It is preferable to dose the sodium bicarbonate solution and diluted hydrochloric acid solution in turn to achieve the highest inactivation effect in comparison to other studied modes.
